The bacterial strain MWH-K35W1
The genus Polynucleobacter was established by Heckmann and Schmidt [1] to accommodate obligate endosymbionts of ciliates affiliated with the genus Euplotes. Later, it was discovered that a substantial fraction of freshwater bacterioplankton is represented by strains closely related to these obligate endosymbionts [2] [3] [4] [5] . Investigations by fluorescent in situ hybridization (FISH) with taxon-specific probes demonstrated that these bacteria possess a free-living planktonic lifestyle [3, 6, 7] and thus differ in this trait from the related endosymbionts. Comparative genome analyses of a planktonic [8, 9] and an endosymbiotic strain [10] revealed that the endosymbiotic strain represents an evolutionary derivative form undergoing reductive genome evolution. Isolation of free-living strains from various freshwater systems [11] enabled the description of ten novel species of the genus Polynucleobacter [12] [13] [14] [15] [16] [17] [18] . The majority of these species are affiliated with subcluster PnecC [11] , which represents a large cryptic species complex characterized by 16S rRNA gene sequence similarity values !99 % [16, 19] .
Here we present strain MWH-K35W1 T , which is also affiliated with subcluster PnecC but differs in some interesting aspects from all other strains of the genus Polynucleobacter investigated so far, and propose for this strain the novel species Polynucleobacter aenigmaticus sp. nov.
HOME HABITAT AND ISOLATION
In contrast to all previously investigated strains of the genus Polynucleobacter, strain MWH-K35W1 T was isolated from an anoxic water sample. This strain was isolated from meromictic Lake Krottensee [5] located in the Salzkammergut lake district in Austria. The water body of meromictic lakes lacks complete mixing resulting in a permanently anoxic deep-water zone called monimolimnion. Temperate meromictic lakes represent a rather rare lake type. Lakes located in the temperate climatic zones, which develop a temporarily anoxic deep-water zone (hypolimnion) usually mix completely (down to the maximum depth) at least once or twice a year. This complete mixing results in IP: 54.70.40.11
On: Sat, 22 Dec 2018 10:37:35 re-establishment of oxic conditions in the deeper water layers. Previous investigations [5, 20] and the increase of conductivity with depth observed in investigations in 2003 (Fig. S1 , available in the online Supplementary Material) and 2007 [5] suggest that water layers of Lake Krottensee deeper than about 15-20 m down to the maximum depth of 46 m have most likely been permanently anoxic for centuries. Interestingly, an abundance peak of PnecC bacteria of about 10 5 cells ml À1 was found previously in the monimolimnion of Lake Krottensee at a depth of 23 m [5] . Actually, the depth profile presented by Jezberova and colleagues suggests that PnecC abundance was on average higher in anoxic than in oxic water layers on the day of investigation. Strain MWH-K35W1
T was isolated from a water sample taken from a depth of 35 m (Fig. S1 ). This sample was characterized by a temperature of 6.0 C, a pH of 7.6, conductivity of 431 µS cm À1 and a lack of dissolved oxygen. The strain was isolated by using the filtration-acclimatization method and nutrient-broth-soytone-yeast-extract (NSY) medium [21] under aerobic conditions.
PHENOTYPIC AND CHEMOTAXONOMIC CHARACTERIZATION

Cells of strain MWH-K35W1
T are short rods of small size ( Table 1) . The strain formed small, circular, convex, colourless colonies with shiny surface on NSY agar plates. Growth at different temperatures and growth under anoxic conditions in an anaerobic chamber were examined by using NSY agar plates as described previously [22] . Anaerobic growth was tested by using standard NSY agar plates and NSY plates [16] . All strains have the following traits in common: DAPI-stained cells only rarely show nucleoid-like structures; assimilation of acetic, succinic and pyruvic acid; no assimilation of glycolic or citric acid. +, Increase in optical density (OD); W, weakly positive increase in OD; -, no significant increase in OD. 
Fumaric acid
with increased nitrate concentrations (2 g NaNO 3 l
À1
). Salinity (NaCl) tolerance was determined using NSY agar supplemented with various NaCl concentrations as described previously [22] . With both media, the strain showed no anaerobic growth, grew well at temperatures up to 31 C, but only weakly at 32 C, and tolerated salt concentrations up to 0.3 % ( Table 1) .
Utilization of various substrates was investigated in the same way as for previously described species of the genus Polynucleobacter [12] [13] [14] [15] [16] [17] [18] . Briefly, growth enabled by utilization of a specific substrate was determined by comparison of optical densities (ODs) at 575 nm established in liquid one-tenthstrength NSY medium (0.3 g l
) with and without 0.5 g test substrate l
, respectively. Differences of <10 %, ) were scored after 8-12 days of growth as no utilization (À), weakly positive utilization (W) and good utilization (+), respectively. Results of the substrate assimilation experiments are presented in Table 1 .
The analysis of the whole-cell fatty acid composition (Table 2 ) was carried out as described previously [18] . Biomass was grown on R2A medium at 28 C [23] . The cultures were inspected for growth daily, starting the third day after inoculation. Once biomass was well visible, the cell mass was collected. Similar to its phylogenetic neighbours, strain MWH-K35W1
T contained as the main components C 16 : 1 !7c, C 18 : 1 !7c, C 16 : 0 and feature 2 comprising iso-C 16 : 1 I and C 14 : 0 3-OH. Conspicuous was the lack of the hydroxylated compound C 12 : 0 2-OH, which is also absent in members of the subcluster PnecD, namely all investigated strains currently classified as Polynucleobacter cosmopolitanus [12] .
GENOMIC CHARACTERIZATION
Extraction of DNA of strain MWH-K35W1 T , and wholegenome sequencing, assembly and annotation were performed as described previously [18] . The genome of strain MWH-K35W1
T did not differ in basic characteristics from genomes of other PnecC type strains (Table 3 ). All PnecC genomes investigated so far share a small genome size of about 2 Mbp and a DNA G+C content of 45-46 mol %. By contrast, the novel type strain differed pronouncedly in gene content from all PnecC genomes analysed so far (Table 4 ). An unusual feature of the genome of MWH-K35W1
T was the presence of a putative proteorhodopsin gene (Genbank accession WP_088526317, IMG Gene ID 2676729459). While gene clusters putatively encoding anoxygenic photosynthesis were found in some strains of the genus Polynucleobacter previously [17, 19, 24] , proteorhodopsin genes have not been reported from strains representing this genus so far.
Gene content suggests several adaptations to growth under anoxic conditions, which was partly not found in other strains of the genus Polynucleobacter previously. The genome of strain MWH-K35W1
T encodes a putative fumarate reductase possibly enabling fumarate respiration (Table 4) . Furthermore, genes putatively encoding a respiratory membrane-bound nitrate reductase (NarGHIJ) and 
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a NADH-dependent nitrite reductase (NirBD) were found. This suggests the potential for denitrification with ammonia as a final product. In contrast to the respiratory nitrate reductase NrfA found in some other organisms performing incomplete denitrification, nitrite reduction by NirBD is coupled to oxidation of NADH and not to an electron transport chain (quinone pool) involved in energy conversion [25] . This could either suggest that NirBD has only a detoxification function in the incomplete nitrate respiration of strain MWH-K35W1 T , or that the main function of the gene is assimilatory nitrite reduction. The genes for the respiratory nitrate reductase NarGHIJ belong to a gene cluster of ten genes also including a two-component histidine kinase system (NarL family) for sensing nitrate and nitrite, a nitrate/nitrite transporter of the major facilitator superfamily, a carbonic anhydrase and a nitroreductase putatively enabling utilization of nitro residues as nitrogen source. The two-component nitrate/nitrite sensor could be involved in upregulation of the putative dissimilatory nitrate reduction and down-regulation of the putative fumarate reductase. Interestingly, the genes encoding the putative NADH-dependent nitrite reductase (NirBD) are not included in this gene cluster but group together with genes encoding the putative assimilatory nitrate reductase NasAB, which could suggest that NirBD has indeed primarily an assimilatory function. Interestingly, no sensor for oxygen concentrations/availability was found in the genome of the strain. Strain MWH-K35W1
T shares with Polynucleobacter sinensis MWH-HuW1 T the gene cluster containing the respiratory nitrate reductase. Both gene clusters share the same gene content and are fully syntenic, but share only sequence similarities of about 80 %. In contrast to strain MWH-K35W1 T , strain MWH-HuW1 T does not encode a NirBD nitrite reductase (Table 4) . Besides the mentioned nitrate/nitrite sensor, the genome encodes three putative two-component sensors for nitrogen availability (putatively regulating expression of the glutamine synthetase), a K + limitation sensor (but seems to lack a potassium transporter to be regulated) and a phosphate limitation sensor. Interestingly, the genome encodes many genes for flagella synthesis and a putative chemotaxis system; however, it is unknown which chemical gradients the strain may be tracking with this system. The putative flagella and chemotaxis genes are located in a 60 kb cluster of about 70 genes.
PHYLOGENY
The genome of strain MWH-K35W1
T encodes only a single copy of the ribosomal operon. The partial (1361 bp) 16S rRNA gene sequence obtained by Sanger sequencing previously is identical with the full-length sequence of the gene obtained by the genome sequencing (Locus Tag CBI30_02030; IMG Gene ID 2676729854). The gene shares sequence similarities of between 99.1 % (Polynucleobacter necessarius) and 99.9 % (Polynucleobacter duraquae) with the type strains or type material of other species affiliated with the species complex PnecC. These similarity values correspond to 12 and 1 nucleotide sequence differences, respectively. Analysis of the 16S rRNA gene of strain MWH-K35W1
T confirmed the expected affiliation of the strain to subcluster PnecC of the genus Polynucleobacter (Fig. 1) ; however, as repeatedly demonstrated previously [16, 17, 19] , this phylogenetic marker is too conserved to resolve phylogenetic relationships among species of this subcluster. The affiliation of strain MWH-K35W1
T to subcluster PnecC was also confirmed by previous phylogenetic analyses with partial glutamine synthetase gene (glnA) sequences [26] . Due to lack of phylogenetic resolution of 16S rRNA gene sequences of PnecC strains at the species level, phylogenetic analyses of eight housekeeping genes ( Table 5 , Supplementary Materials M1) were performed. These previously selected genes [16] are expected to belong to the core genome of bacteria of the genus Polynucleobacter and their horizontal transfer by genomic islands seems to be unlikely [27] . The multilocus sequence analysis performed confirmed the affiliation of the strain to subcluster PnecC (Fig. 2) and further suggested that the closest known phylogenetic relatives are Polynucleobacter sinensis [16] and P. duraquae [16] . The type strain of P. duraque was isolated from oxic surface water layers of Lake Mondsee, which is a neighbouring habitat of Lake Krottensee. The affiliation of strain MWH-K35W1 T to a previously described species was not suggested by the reconstructed phylogeny.
Average nucleotide identity (ANI) analyses [28, 29] were performed in order to test if the novel strain should be considered to belong to a previously described species of the genus Polynucleobacter. The type strains of all previously described PnecC species except P. necessarius [1] are represented by whole-genome sequences. Due to its obligatory endosymbiotic lifestyle [30] , the species P. necessarius lacks a type strain and a genome sequence representing the type material [16] . However, a whole-genome sequence is available for the P. necessarius strain STIR1, and multilocus sequences are available for strain Ammermann, which should be identical with the strain contained in the type material of the species [16] . Pairwise ANI comparisons with the type strains of all described species resulted in values 82 % (Table 6 ), clearly suggesting that strain MWH-K35W1
T represents a novel species [29] .
ECOLOGY
Strain MWH-K35W1
T differs from all previously investigated strains of the genus Polynucleobacter by its origin from a permanently anoxic water body. The phenotypic characterization did not reveal any adaptations to anaerobiosis. On the other hand, the genome analysis performed suggested that this strain is much better adapted to anaerobiosis than any previously investigated strain representing the genus Polynucleobacter. Because of the presence of genes for an incomplete nitrate respiration and for fumarate respiration, it is conceivable that the strain really dwells under permanently anoxic conditions. Whether the proteorhodopsin gene detected also plays a role in anaerobiosis of the strain is unknown. This is at least unlikely in the depths of 35 m, from which the strain was isolated; however, the putative proteorhodopsin gene could play a role in growth of the strain in the upper anoxic layers of the monimolimnion. It is known that these layers of the lake are also inhabited by a dense layer of anoxygenic phototrophic bacteria [20] .
P. necessarius ATCC 30859 T (NR_042555)
P. necessarius STIR1 (NR_074710)
P. wuianus QLW-P1FAT50C-4 T (AJ879778)
P. sphagniphilus MWH-Weng1-1 T (locus tag BOQ04_09695) T based on almost full-length 16S rRNA gene sequences (1366 alignment positions). A maximum likelihood (ML) tree is shown, which includes bootstrap values of a neighbour-joining (NJ) and a maximum parsimony (MP) tree calculated with the same sequence alignment. Bootstrap values for 1000 iterations, respectively, refer from left to right to the NJ, the ML and the MP tree. Bar, 0.01 substitutions per nucleotide position. Accession numbers for whole-genome sequences are given in Table 3 ; locus tag numbers for the 16S rRNA gene are shown on the tree. Table 5 . Loci used for the multilocus sequence analysis presented in Fig. 2 The table lists the loci of two strains, the endosymbiont P. necessarius strain Ammermann whose genome has not been sequenced and the genomesequenced type strain of Polynucleobacter asymbioticus [8] . For the latter, the old and new Genbank locus tags and the Integrated Microbial Genomes (IMG) Gene ID [31] are provided. A complete alignment of the eight genes is provided as Supplementary Materials M1.
Locus
Gene product P. necessarius strain Ammermann (GenBank accessions) While it is conceivable to assume that the strain dwells at least temporarily in anoxic water bodies, it is not known if the strain prefers these conditions and is competitive under such environmental conditions, or if it represents only a facultative anaerobe usually dwelling in oxic water layers. Further investigations will be required for revealing the enigmatic ecology of the strain.
PROPOSAL OF THE NOVEL SPECIES POLYNUCLEOBACTER AENIGMATICUS SP. NOV.
The ANI analyses performed and the phylogenetic reconstruction clearly demonstrate that strain MWH-K35W1
T is not affiliated with any previously described species of the genus Polynucleobacter. Analyses of partial glnA sequences suggest that strain MWH-K35W1 T is the only strain representing this novel species in our collection of >300 strains of the genus Polynucleobacter. This was suggested by glnA sequence comparison across the strains of the culture collection. The highest glnA sequence similarity found between strain MWH-K35W1
T and any other strain of the collection was 93 % nucleotide identity. Among the eight strains sharing about 93 % glnA similarity, two have been whole-genome-sequenced previously (Hahn et al., unpublished data). These two strains share ANI values of only 82 % with MWH-K35W1 T , respectively, clearly suggesting that all these strains are not affiliated to the novel species represented T based on concatenated multilocus sequences of eight protein-encoding genes. A neighbour-joining (NJ) tree is shown, which includes bootstrap values of a maximum likelihood (ML) and a maximum parsimony (MP) tree calculated with the same sequence set. Bootstrap values refer from left to right to the NJ (1000 iterations), the ML (100 iterations) and the MP tree (1000 iterations). The sequences utilized were extracted from whole-genome sequences (Table S1 ). The alignment used for reconstruction of the three trees had a length of 6249 alignment positions. Bar, 0.1 substitutions per nucleotide position. by the latter strain. Thus, the novel species proposed here is only represented by a single isolate, which makes conclusions on typical species-specific traits of the new taxon preliminary.
Strain MWH-K35W1 T can be discriminated from species of the genus Polynucleobacter not affiliated with subcluster PnecC based on 16S rRNA gene phylogenies or sequence similarity values [11] . Among the type strains of species of subcluster PnecC described so far, strain MWH-K35W1 T is the only strain able to assimilate oxalic acid and L-serine (Table 1) . For these substrates, the strain showed an increase in OD 575 of 35.4 and 15.3 %, respectively, while most of the other strains investigated so far responded to both substrates by growth inhibition resulting in negative OD 575 values compared with the reference medium without test substance. Due to these pronounced differences in response to both test substrates, the discrimination of strains based on these tests should yield clear and objective results ( Table 1) .
We propose to establish for the strain investigated the novel species Polynucleobacter aenigmaticus sp. nov. and to designate strain MWH-K35W1
T as the type strain. The proposed species epithet indicates that important aspects of the ecology of the type strain are still enigmatic.
DESCRIPTION OF POLYNUCLEOBACTER AENIGMATICUS SP. NOV.
Polynucleobacter aenigmaticus (ae.nig.ma¢ti.cus. L. masc. adj. aenigmaticus enigmatic, as it is unclear if the type strain is really able to inhabit permanently anoxic water layers).
Contains free-living strains of the genus Polynucleobacter dwelling in the water body of alkaline and circum-neutral freshwater systems, probably able to thrive in anoxic water layers.
Cells are short rods, 0.5-1.0 µm in length and 0.3-0.5 µm in width, depending on cultivation conditions. Chemo-organoheterotrophic, aerobic, no anaerobic growth detected, but gene content of the type strain suggests an ability for anaerobic respiration. Colonies grown on NSY agar are non-pigmented, circular and convex with smooth surface. Growth occurs at up to 32 C and with 0-0. The type strain is MWH-K35W1 T (=DSM 24006 T =LMG 29706 T ), which was isolated from the monimolimnion of Lake Krottensee located in Austria. The genome of the type strain is characterized by a size of 2.14 Mbp and a DNA G+C content of 45.98 mol%. Genome and 16S rRNA gene sequences characterizing the type strain are available under the accession number NGUO00000000.
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